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Abstract 
The effect of crack length and of crack wake history on crack closure is investigated in 304L austenitic steel. Tests are run on CT 
specimens initially pre-cracked at constant applied stress intensity factor range 'K, at a load ratio R=0.1. After precracking, the 
crack wakes are machined to obtain 2D physically short cracks. Then propagation of these short cracks is still performed at 
constant 'K for length ranging from 0.1mm up to 4mm. A numerical analysis of load-displacement data allows improved closure 
detection for the smaller short cracks. The ratio J = Kop/Kmax is shown to decrease with decreasing crack length a for a <1.2mm; 
for a >1.2mm, the long crack domain is reached and J is shown constant and equal to 0.352 independently of 'K. For tests 
usually run at increasing 'K or decreasing 'K, J  is dependent on the variation of 'K with a, and the relation da/dN vs 'K is 
shown dependent on the loading history. But in all cases, the crack propagation rates are rationalized in term of 'Keff.
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1. Introduction 
Thermal cracking due to large gradients of temperature in some components of industrial structures as nuclear 
plants may induce a typical damage consisting in a network of short cracks. The risk of such damage is the 
occurrence of the formation of a main crack which can grow up to the failure of the component. Then, attention has 
been focused on the resistance against thermal fatigue of some critical components (boilers, pipes…). The 
development of more accurate tool for the prediction of the fatigue life of such components is investigated in order 
to improve the estimation of the residual life of structures containing flaws. In this context, the study of small cracks 
is essential and numerous studies have being conducted on the small crack problem [1-10]. It has been shown that 
the growth rates of small flaws can be significantly greater than the corresponding rates of long flaws when 
characterized in terms of the nominal driving force. The application of long crack data to design against the failure 
of components containing short flaws can, therefore, lead to dangerous overestimates of fatigue lives [1-4]. It has 
been shown that there are different scales below which the growth rates of a fatigue crack may be found to exhibit 
crack size dependence. Suresh and Ritchie [5] suggested the following definitions by which short cracks can be 
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broadly classified: i) crack which size is comparable to the scale of the characteristic microstructural dimension is 
referred as microstructurally small cracks [6]; ii) cracks for which the near-tip plasticity is comparable to the crack 
size are referred as mechanically small cracks; iii) fatigue flaws significantly larger than the characteristic 
microstructural dimension and the scale of the local plasticity are referred as physically short crack. 2D physically 
short cracks with an initial depth larger than 3 to 5 times the average grain size and only short in one dimension 
(crack depth) are relevant to the third type of this small crack classification and allow the application of the LEFM 
concepts. Specific studies have shown that, for this kind of cracks the short crack effect results primarily from a 
crack closure diminution as the crack length decreases [7-10]. Since the initial discovery of the crack closure 
phenomenon [11], the contribution of crack closure has been shown to depend on various factors [12, 13]. In 
austenitic stainless steels, closure has been related to the plastic deformation of the crack surfaces [14]. This paper 
aims to investigate the effect of crack length on closure as a function of the extension of the plastic crack wake in a 
304L austenitic stainless steel. From the previous studies, a difficulty has raised when one wants to uncouple the 
variation of closure with respect to crack length and to the increase of 'K when the crack is growing. To clarify that 
question and to contribute to the understanding of the load history on the contribution of crack closure, tests are 
conducted at constant 'K so as to get the specific influence of crack length on the level of the crack opening load for 
long and artificially obtained 2D short-cracks. 
2. Experiments
2.1. Material and specimen 
The studied material is a 304L stainless steel provided from laminated plates 30mm thick. The microstructure as 
illustrated in figure 1 consists in equiaxed grains having an average size between 50 and 80 Pm with 80% of grains 
having a size lower than 100 Pm. 
100 Pm
Fig. 1. 304 stainless steel microstructure  
The 0.2% yield stress is 220 MPa, the maximum tensile strength is 555 MPa, and the elongation at failure is 
approximately 60%. The chemical composition of this material is given in Table I. 
Table I. Chemical composition of the employed 304L stainless steel 
C Mn Si S P Ni Cr Mo Cu N2
0.029 1.86 0.37 0.004 0.029 10 18 0.04 0.02 0.056 
Normalized CT50 specimens are machined in the TL orientation. The stress intensity factor is calculated by using 
the following equation : 
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where P is the applied load, B and W are respectively the specimen’s thickness and width. Y is a form factor 
depending on the geometry of the specimen and the crack length a. For CT specimen, Y is expressed as follows: 
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2.2. Pre-cracking and machining of artificial thru short cracks. 
The procedure used to create artificial thru short cracks is similar to that initially used by Pineau [7], Ritchie et al. 
[8] and Petit et al. [9]. The  pre-cracking of a long crack on CT specimens (figure 2) is performed at a load ratio of R
= 0.1 at room temperature and with a loading frequency of 20 Hz, but in this study the amplitude of 'K is keep at a 
constant value all along each test. Six different 'K levels are investigated. The tests are performed using a load 
shedding technique; each load decreasing step is performed so as to keep the 'K variation smaller than 1%. At each 
step, the crack length is optically measured on both sides by mean of a traveling microscope mounted in front of the 
specimen. The mechanical alignment of the specimen is optimized to keep a maximum difference in the crack length 
measured on both sides lower than 0.1 mm. The recorded crack length is the mean value of the measurement on both 
sides. Pre-cracking is carried out until the crack length reaches 25mm (a/W | 0.5). An illustration of the crack 
profile is given in the figure 3. 
                  
Fig.2. Schematic illustration of a pre-cracked CT specimen. Figure 3 crack profile of the CT specimen pre-cracked at constant 
'K with a uniform plastic wake.  
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Fig.4. progressive machining of the plastic wake to get a final 2D thru short crack having a remaining surface length daf = 0.1mm. 
To create the 2D short crack, the crack wake is progressively removed by mean of an electric discharge machined 
(machining steps M1, M2, etc) through the crack path (see Fig. 4). This creates a 0.3 mm wide gap between the two 
machined surfaces and produces residual lengths da, the final shortest length daf being about 0.1 mm. Crack closure 
is measured at each step of the procedure. The propagation of the created short crack is then carried out, crack 
closure measurements being performed at each step (about 0.15 mm) of crack advance. At the end of the test, the 
crack length is about 4mm, and is representative of a long crack.  
2.3. Closure measurements  
Crack closure [11-13] is the leading mechanism in explaining the influence of different factors, such as stress 
ratio R effect and load interaction phenomena. Elber [11] introduced the following effective driving force concept: 
opeff KKK  ' max           (4) 
where Kmax is the stress intensity factor at maximum load and Kop is the stress intensity factor at opening load.  
P P
           (a)       (b) 
Fig. 5. Schematic example of diagrams:  (a) P-G ; (b) differential P-G'
Fig.6. Examples of compliance curves obtained after pre-cracking at 'K = 6 MPam and wake machining giving a residual crack length 'a = 10 
mm:  (a) P vs G ;  (b) P vs G’ and  (c)  P vs G’ after data filtering.  
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The knowledge of 'Keff is a key parameter for the study of the crack propagation. Accordingly, many experimental 
methodologies have been proposed to characterize the value of Kop as precisely as possible, while the compliance 
method is widely used [13]. The determination of Pop from the loading cyclic diagram P vs.G is illustrated in Fig. 5a 
as proposed by Elber [11]. To improve the determination Pop, Kikukawa et al.[15] introduced the concept of 
differential compliance curve P vs G’ (Fig 5b.). The compliance D of the fully open crack determined from the slope 
of the linear part of the P vs G diagram, is used to calculate G’ for each loading cycle. For the sake of a more precise 
solution, the P vs G’ curves were regrouped together from five successive cycles of the same measure. Data filtering, 
which can reduce or eliminate any kind of noise introduced during data acquisition, is performed during signal 
analysis to obtain P vs.G’ diagram as clean as possible. A data smoothing in two steps was performed successively 
on the P vs. G and on P vs.G’ data sets. This method provides efficient data filtering as illustrated in Fig. 6 and Fig.7. 
Fig.7. Examples of compliance curves obtained after pre-cracking at 'K = 6 MPam and wake machining giving a residual crack length daf = 0.1 
mm: (a) P vs G ; (b) P vs. G’ and  (c)  P vs. G’ after data filtering.     
It is shown that even for a crack as short as 0.1 mm the data filtering method is convenient for Kop evaluation. To 
complete the numerical analysis, an automatic calculation of Pop is done using an interpolated function of P-G’
filtered data which can be described with the following expression: 
            (4) 
where B is a fitting parameter. Pop is calculated with G’op corresponding to an offsetting of 2% of (G’moy - G’min):
                        G’op = G’min + 0.98 (G’moy - G’min)                  (5) 
where G’min and G’moy are respectively the minimum and the asymptotic values of G’ as illustrated in Fig. 8.Then Pop
can be expressed as follows: 
                                                                                (6)
A typical data set obtained after filtering when the crack is relatively long is illustrated in Fig. 8a. In such case, the 
determination of Pop is quite obvious as for as it is shown for a crack length of 0.6 mm in Fig. 8b. 
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For crack shorter than 0.3 mm, the determination of Pop is more critical because the variation of compliance is very 
small as shown in Fig. 8c for a crack length of 0.1 mm. The data scattering, even after filtering, still remains, but the 
filtered data allow an acceptable calculation of Pop.
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Fig.8. (a) Pop determination with 2% offset on G’ amplitude; (b) Pop for a long crack of 8 mm grown at a constant 'K of 6 MPam; (c)  Pop for a 
short crack length Gaf = 0.1 mm obtained from a machining of the wake of a long crack grown at 'K= 6 MPam . 
3. Results and discussion  
3.1. Crack length effect on crack closure for fatigue crack grown at constant 'K
Figure 9 shows the evolution of Kop with respect to the crack length 'a obtained either during the progressive 
machining of the uniform plastic wake previously created at constant 'K of 15 MPam, or compared to Kop values 
obtained during propagation of short cracks at the same 'K range.  
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Fig.9. Kop  vs da obtained from crack wake machining and from short crack propagation at constant 'K of 15 MPam. 
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As a first result, this diagram clearly shows closure dependence with respect to the crack length independently of the 
experimental procedure. The experimental results plotted in figure 9 show the evolution of Kop with respect to 'a for 
test at a constant 'K of 15 MPam, Kop being measured at the different steps of the crack wake machining of an 
initial long crack grown up to a/W = 0.5, and during the propagation the short crack obtained after machining of the 
wake having an residual length of 0.1mm. From this figure, two domains can be distinguished: 
- For da < dacr, a short crack domain where Kop increases with da;
- For da < dacr, a long crack domain where Kop is independent on da and reach a constant value denoted Kop,lc .
Results for the tests conducted at the different constant 'K ranging from 4.5 to 18 MPam. are shown on the 
figure 10. The Kop evolution with da is similar for all the 'K levels, dacr being slightly increasing when 'K
increases. It can be noticed that data obtained during the machining of the plastic wake and those obtained during 
the further crack propagation are similar. In the long crack regime, Kop.lc is independent of crack length da and 
increases with the increasing applied 'K. 
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In the short crack regime an analytic expression of the evolution of Kop with respect to da and 'K  is as follows: 
(7)   min.min. 1 KeKKK daFLopop   E
where E is experimentally determined. The analytic evolution of Kop is given in the figure 10 in comparison with the 
experimental data; it can be seen that the corresponding dotted lines are in good agreement with experiments.  
The evolutions of the closure ratioJ= Kop/Kmax vs da for different constant 'K ranges are plotted in figure 11. An 
important result merging from this diagram is the constant value of J = 0.35 in the long crack domain. This result is 
not consistent with previous results on the same alloy [16]. Particularly, closure measurements done during tests 
performed at constant load amplitude indicate a vanishing of the closure in the high 'K domain, and an accentuation 
of the closure contribution is generally observed when the threshold domain is approached [13, 16]. These results 
support a substantial effect of the experimental procedure on crack closure as previously reported [13], more 
precisely of the gradient of variation of 'K with respect da. The U='Keff /'K ratio, introduced by Elber [11] is 
commonly used to characterize the closure contribution. Then U=(1-J)/(1-R) has a constant value of 0.72 for all 
tested 'K ranges as shown in figure 12. 
4. Loading effect history 
The conventional crack propagation tests for long cracks are performed either by shedding the applied load if the 
goal is to reach the threshold or by increasing the applied load to describe the Paris regime. To elucidate the 
influence of loading history on crack closure, two tests were performed with load computer controlled so as to get 
'K variation with da as:
(8) 0
0
dau daCgeKK ' '
where 'K0  and da0 are initial values of the stress intensity factor range and the crack length respectively. A first test 
is run at 'K decreasing from 21 MPam to 15 MPam with Cg = -0.15, and the other one at 'K increasing from 15 
MPam to 21 MPam with Cg = + 0.15.  
      (b) 
0,3
0,4
0,5
0,6
0,7
0,8
0,9
1
14 16 18 20 22
'K (MPa.m1/2)
U
0,3
0,4
0,5
0,6
0,7
0,8
0,9
1
14 16 18 20 22
'K (MPa.m1/2)
U
Fig.13. U vs 'K  for long cracks: (a) decreasing 'K from 21 to 15 MPam (b) creasing 'K from 15 to 21 MPam. 
The corresponding evolutions of the U ratio are given in the figures 13a and 13b respectively. For decreasing 'K
(figure 13a), U decreases from 0.72 at 21 MPam to 0.448 at 15 MPam which indicates an enhanced crack closure 
contribution when 'K decreases. At increasing 'K an opposite behaviour is observed with U increasing from 0.72  
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at 15 MPam up to close to 1 at 21 MPam, which shows an reduction crack closure contribution when 'K
increases with da and practically disappears at higher 'K..
Fig.14. U evolution for long cracks obtained at constant 'K, decreasing 'K and increasing 'K.
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Fig.15. (a) Comparison of da/dN vs 'K propagation curves for tests performed at constant 'K decreasing 'K and increasing 'K; (b) 
rationalisation of the crack growth rates in term of 'Keff.
The relations between U and 'K of figures 13a and 13b are compared in figure 14 to constant U measurements for 
constant 'K tests. A loading history effect on crack closure is clearly shown. The propagation curves for the three 
test kinds are shown in the figure 15a. The following observations come out: 
- At the beginning of the increasing 'K test, U=0.72 and da/dN is similar as da/dN at constant 'K; when the 
crack propagates an acceleration of the propagation is associated to the decrease of U up to a quasi disappearance 
of closure when U#1.
- At the beginning of the decreasing 'K test, again U=0.72 and da/dN is similar as da/dN at constant 'K; when 
the crack propagates U decreases and the propagation is significantly retarded.  
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These effects of the load history are particularly well marked on this ductile material. But, after closure 
correction, it is noticeable that the crack propagation rates are in all conditions very well rationalized in term of 
the effective stress intensity factor range as illustrated in figure 15b.  
Finally, the effects of crack length and of load history are both related to crack closure variations while the 
effective crack propagation behaviour of the alloy is independent on these two factors.  
5. Conclusions 
From this study of the influence of crack length on closure of 2D fatigue cracks in a 304L austenitic steel, the 
following conclusions can be drawn: 
- data acquisition with adapted numerical filtering coupled with an analytic analysis of the load-displacement 
diagram, allows an accurate determination of the stress intensity level Kop for crack opening for crack length as 
small as 0.1 mm; 
- tests performed at constant 'K demonstrate that the closure ratio J = Kop/Kmax is for long crack a constant 
characteristic of the alloy and J = 0.35 for the 304L studied alloy. 
- the short crack domain corresponding to crack length shorter than a critical length dacr, is characterized by a 
diminution of the crack closure ratio J when da diminishes; dacr is about 1.2 mm for 'K=18MPam1/2 and 
slightly diminishes when 'K decreases; 
- Tests conducted at increasing or decree sing 'K show a substantial effect of the load history related to the 
variation of the 'K range with respect to the crack length increment. Crack closure is accentuated during 
threshold tests and reduced during constant load amplitude tests. These effects are particularly accentuated on 
the 304L alloy. 
- In the design of 304L stainless steel structures, special attention should be paid to the fact that when the crack is 
shorter than 1.2mm in length, the closure is strongly reduced and thus implies a reduction in the lifetime 
prediction.  
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